In the present study, we compared the advantage of marine protected areas (MPA) to the reduction of the fishing mortality coefficient ( F ). We accomplished this by comparing the yield per recruitment (YPR) and spawner biomass per recruitment (SPR) under two controls. This was accomplished using a mathematical model. We used the following five measures as comparisons: (i) the condition of the fishery where the increase in YPR is possible; (ii) the increase in YPR or SPR obtained by allocating half the fishing ground as an MPA and by reducing F by half; (iii) the maximum YPR obtainable when the fishing mortality coefficient or the proportion of MPA in the fishing ground is completely controlled; (iv) the proportion of the MPA and the reduction ratio of F required for attaining 30% SPR; and (v) the YPR obtainable while maintaining 30% SPR. Our results show that the MPA has a minor disadvantage in terms of the first measure. The MPA is advantageous in increasing SPR in the second measure, with a low migration rate of fish. The MPA is also advantageous in increasing YPR in the second measure, with some intermediate migration. The MPA is disadvantageous in the third measure. The MPA is advantageous in the fourth measure, with a low migration rate. The MPA is disadvantageous in the fifth measure.
INTRODUCTION
Recently, marine protected areas (MPA) have received considerable attention as a management option (Bohnsack 1, 2 ). The MPA are areas in which there is no fishing allowed. The MPA are also known as marine reserves, no-take areas and sanctuaries. The MPA are considered to have the following merits: [1] [2] [3] [4] [5] [6] [7] 1. The MPA are invulnerable to uncertainties in the estimation of stock size, catch or biological parameters of stock. 2. The MPA are effective for the management of multispecies fisheries. They will be effective even for mixed-stock fisheries that harvest fish of both high and low intrinsic population growth rates at the same time. They may also be effective in protecting endangered species against by-catching.
3. A spawning stock can be maintained in an MPA and recruitment overfishing can be avoided, even when age at first capture is low. 4. The physical destruction of habitat by fishing operations is lessened by MPA and the diversity of habitat, which is the basis for high species diversity, may be protected. 5. The MPA can serve as 'fields' for studying anthropogenic effects on marine ecosystems. Several researchers [8] [9] [10] [11] [12] [13] have examined the effectiveness of MPA using mathematical models since the MPA were examined initially by Beverton and Holt, 14 as reviewed in Guenette. 15 Since the latter 1990s, studies on MPA have increased dramatically. The latest studies on MPA are featured in the Bulletin of Marine Science . [16] [17] [18] [19] [20] Comparative studies of the effectiveness of MPA with traditional management tactics are very important, but they have not been conducted frequently. In fact, even comparative studies on yield per recruitment (YPR) or spawner biomass per recruitment (SPR) have not been conducted. A rare exception is the work of Nowlis. 18 He compared the consequences of three management tactics, such as temporary closure of the entire fishery, minimum size limit and MPA for depleted populations, in short-and Y Shirai and Y Harada long-term fisheries yield. He found that MPA produced the highest stable catch levels and provided lower initial losses in catch than other management tactics for species that matured before entering the fishery.
In the present study, we compared the performance of MPA with that of the reduction of fishing mortality by constructing a simple deterministic mathematical model for YPR and SPR based on the work by Beverton and Holt.
14 Because the advantage of MPA may depend on the fishing mortality coefficient ( F ) and age at first capture ( t c ), we tried to determine conditions for a fishery, noted by F and t c , in which the MPA is advantageous.
A single measure cannot represent the various aims in stock management. Therefore, we used the following five measures in the comparison of the two controls.
The condition of a fishery where an increase in YPR is possible
We compared the two controls by the condition of a fishery, defined by F and t c , where an increase in YPR is possible. That is, we tried to determine which control is applicable to the wider fishery conditions for increased YPR.
An increase in YPR or SPR
We compared the increase in either YPR or SPR obtained by allocating half the fishing ground as an MPA and by reducing F by half. That is, we tried to determine which control more effectively increases YPR or SPR.
Maximum YPR obtainable
We compared the maximum YPR obtained by two controls when either F or the proportion of MPA ( p ) in the fishing ground is completely controlled.
The proportion of MPA and the reduction ratio of F required for attaining 30% SPR
We compared p and the reduction ratio of F for maintaining 30% SPR, which is often considered a threshold for recruitment overfishing. 21, 22 That is, we tried to determine which control requires the smaller change in the control variable.
The YPR obtainable while maintaining 30% SPR
We compared the YPR obtained by two controls while maintaining 30% SPR. That is, we tried to determine which control results in the larger YPR while 30% SPR was maintained.
METHODS
We used dynamic pool models with and without MPA to obtain YPR and SPR. The model without MPA is explained in standard textbooks (e.g. Beverton Table 1 ).
We assume that a given fishing ground is divided into the exploited area (A) and MPA (B). The following equations describe the changing rates of the number of fish of age t in a cohort in the exploited area and in the MPA.
For t r £ t < t c :
and 
We assume that newly recruited individuals are randomly distributed in the fishing ground, so that the recruitment into A and B is proportional to their total area, or
Beverton and Holt 14 assumed that the rate of dispersion is the same in both MPA and the exploited area, so that T AB differs from T BA only by the difference in size of the two areas. We assume, as do preceeding studies, 9, 10 that T AB is proportional to the proportion of A (1 -p) and T BA is proportional to the proportion of B (p); that is:
We combine von Bertalanffy's growth equation in weight with this model and obtain YPR and SPR as follows. The weight of fish at age t is assumed to be:
We assume that, when the MPA is established, the total fishing effort over the entire fishing ground is constant and the effort concentrates on the exploited area. So, throughout the present paper, we assume
Yield per recruitment and SPR are defined as [3] and [4] When area B does not exist, eqns 3 and 4 reduce to the standard model without MPA. We define YPR 0 (F,t c ) = YPR(F,t c ,0,a) and SPR 0 (F,t c ) = SPR(F,t c ,0,a), neither of which depend on a.
In the numerical calculation shown below, we use the growth and mortality parameters for the North Sea plaice Pleuronectes platessa used by Beverton and Holt: (Table 2) . We computed YPR and SPR using the model shown above and evaluated whether MPA have an advantage over the reduction of F by the following five methods, which correspond to the aforementioned five measures.
The condition of a fishery where an increase in YPR is possible
We obtain the range of parameters F and t c that satisfy ∂YPR 0 (F,t c )/∂F < 0 and ∂YPR(F,t c ,p,a)/ ∂p > 0, where ∂YPR(F,t c ,p,a)/∂p is evaluated at p = 0. We consider the control with the widest range of parameters in which YPR increases to be advantageous.
An increase in YPR or SPR
We plot the isopleths of (YPR(F,t c ,0.5,a) -
We consider that the MPA is advantageous over the reduction in F when the ratio is larger than 1.
Maximum YPR obtainable
We plot the isopleths of YPR(F,t c ,p*(F,t c ,a),a)/ YPR 0 (F*(t c ),t c ), where p*(F,t c ,a) is the proportion of the MPA that maximizes YPR obtained by solving ∂YPR(F,t c ,p,a)/∂p = 0, and F*(t c ) is F that maximizes YPR without MPA obtaind by solving ∂YPR(F,t c )/∂F = 0. We consider that MPA is advantageous over the reduction of F when the ratio is larger than 1. 
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The proportion of MPA and the reduction ratio of F required for attaining 30% SPR
We plot the isopleths of p 30% (F,t c ,a)/((F -F 30% (t c ))/ F ), where p 30% (F,t c ,a) and F 30% (t c ) are p and F that result in 30% SPR, which are obtained by solving SPR (F,t c ,p,a) /SPR 0 (0,t c ) = 0.3 and SPR 0 (F,t c )/SPR 0 (0,t c ) = 0.3, respectively. We consider that the MPA is advantageous over the reduction of F when the ratio is smaller than 1.
The YPR obtainable while maintaining 30% SPR
We plot the isopleths of YPR (F,t c ,p 30% (F,t c ,a) ,a)/ YPR 0 (F 30% (t c ),t c ). We consider that the MPA is advantageous over the reduction of F when the ratio is larger than 1.
RESULTS

The condition of a fishery where an increase in YPR is possible
The YPR isopleths as a function of F and t c are shown in Fig. 1 
An increase in YPR or SPR
We show the ratio of the increase in YPR obtained by increasing p from 0 to 0.5 to that obtained by reducing F to 0.5F without MPA in Fig. 2 . The YPR can increase by reducing F when (F,t c ) is below line A¢. The YPR can also increase by increasing p when (F,t c ) is below lines B¢ 1 , B¢ 2 , B¢ 3 and B¢ 4 . Parameters F and t c where MPA is advantageous are shown by the shaded range in Fig. 2 . An interesting thing to note is that, although the range of parameters F and t c where YPR can increase by MPA is larger as a is larger, the ratio of the increase in YPR by MPA to that by reducing F is larger as a gets smaller when F is high and t c is low. Among the values of a considered, the range where MPA has the advantage is large when a = 1 and 0.2 (Fig. 2b,c) , but the range disappears when a = 2.5 ( Fig. 2a) and a reaches 0.01 (Fig. 2d) . Consequently, there is an optimal a that maximizes the advantage of the MPA. These results coincide with those of DeMartini, 12 who calculated the effect of the MPA using the model of Polacheck 9 for three types of fish that have different migration rates. When a is large, line A¢ at low F lies below lines B¢ 1 and B¢ 2 . Thus, the ratio of the increase in YPR is very large near these lines. However, this is virtually insignificant because the increase in YPR is very small.
We show the ratio of the increase in SPR obtained by increasing p from 0 to 0.5 to that obtained by reducing F to 0.5F without MPA in Fig. 3 . Parameters F and t c where MPA is advantageous are shown by the shaded range. The range where MPA is advantageous over the reduction of F expands as a becomes smaller and the advantage of MPA is larger for higher F and lower t c (Fig. 3a-Fig. 1 Isopleths of yield per recruitment (YPR) as a function of the fishing mortality coefficient (F ) and the age at first capture (t c ) without a marine protected area (MPA). Line A satisfies ∂YPR 0 (F,t c )/∂F = 0 and is eumetric and shows the F that gives maximum YPR for a given t c . Lines B 1 , B 2 and B 3 satisfy ∂YPR(F,t c ,p,a)/∂p = 0, where ∂YPR(F,t c ,p,a)/∂p is evaluated at p = 0. (B 1 is for a = 2.5, B 2 is for a = 1 and B 3 is for a = 0.2.) c). Therefore, we can maintain SPR at a high level by MPA, even if fish are harvested at high F and low t c .
We also compared MPA and the reduction of F using the marginal increase of YPR and SPR by the percent reduction of fishing ground and F (i.e. and -(∂YPR (F,t c ,p, 
Maximum YPR obtainable
We show the ratio of the maximum YPR obtained by MPA to that obtained by the reduction of F in Fig. 4a-c for a = 2.5, a = 1 and a = 0.2, respectively. The MPA is disadvantageous over the reduction in F for the maximum YPR obtainable because the range where the ratio is larger than 1 does not exist. The MPA is more disadvantageous in situations where a is smaller or at a high F and low t c .
The proportion of MPA and the reduction ratio of F required for attaining 30% SPR
We show the ratio of p to the reduction ratio of F in Fig. 5a -c for a = 2.5, a = 1 and a = 0.2, respectively. Parameters F and t c where MPA is advantageous are shown by the shaded range. In cases where we should maintain 30% SPR, the MPA is advantageous in situations where a is small at a high F and, conversely, disadvantageous in situations where a is large.
YPR obtainable while maintaining 30% SPR
We show the ratio of YPR obtained by MPA to that obtained by the reduction of F to attain 30% SPR in Fig. 6a-c for a = 2.5, a = 1 and a = 0.2, respectively. The MPA is disadvantageous over the reduction in F for the obtainable YPR while maintaining 30% SPR because the range where the ratio is larger than 1 does not exist. The MPA is more disadvantageous in situations where a is smaller or at a high F and low t c . 
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DISCUSSION
In the present study, we examined YPR and SPR using a mathematical model to compare the performance of the MPA with that of the reduction of F. In the examination, we used the North Sea plaice as an example. We also performed a comparison using the biological parameters of red sea bream Pagrus major in the East China Sea (M = 0.28, k = 0.1, W • = 6640, t r = 0, t 0 = -1.3, t l = 10 and t m = 3), 21, 22 whose biological characteristics are different from those of the North Sea plaice, and we obtained qualitatively the same results (Y Shirai and Y Harada, unpubl. results). Consequently, we consider that the qualitative results obtained for North Sea plaice can be applied to other demersal fish species.
In situations where half the fishing ground is allocated to an MPA, the MPA was shown to be advantageous when analyzing the increase in YPR over the reduction of F to half when F is high, t c is low and the migration rate of fish is intermediate. In the present study, we assumed that the total fishing effort over the entire fishing ground did not change because of the establishment of an MPA. The effort was concentrated on the exploited area. Therefore, the reduction in catch at the introduction of management by the MPA is smaller than that by the reduction of F. The MPA is also advantageous in increasing SPR when there is an intermediate migration rate of fish. In those situations, MPA may be superior to the reduction of F in catch both in the long and short term. However, the relative performance of the MPA is sensitive to the migration rate of fish. The MPA should be designed so that parameter a takes an adequate value. We have the following ideas for MPA design to control parameter a. 1. A small number of large MPA is necessary for reducing a of fish with a high migration rate. 2. For increasing the a of fish with a low migration rate, small and widely dispersed MPA are effective, because fish may cross easily in and out of the MPA. 3. For increasing the a of fish with an even lower or zero migration rate after settlement, we need to move the exploited area, because even small and widely dispersed MPA are not effective. For designing effective MPA, information on the migration rate of fish is necessary. If the estimation of a migration rate is strongly biased, management by the MPA may fail. Therefore, mark-recapture investigation by tagging, as a means of accurate estimation of migration rate, is thought to be critical. 24 For the maintenance of spawner biomass, MPA are considered to be advantageous. [4] [5] [6] In fact, in terms of the proportion of MPA or the reduction ratio of F for maintaining 30% SPR, the MPA is advantageous over the reduction of F when the migration rate of fish is low at a high F. However, the MPA was shown to be disadvantageous in YPR obtainable while maintaining 30% SPR. Furthermore, MPA is more disadvantageous when the migration rate of fish is lower. We should pay attention to the fact that the advantage depends on the measures used when evaluating the MPA. 
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In reference to the maximum YPR obtainable, the MPA was again shown to be disadvantageous over the reduction in F. The reduction of the number of fishing vessels or the frequency of fishing operations for the control of F may involve a heavy cost on the part of the fishery, but the MPA does not demand such a cost. There are more examples of situations where the reduction of F is difficult. In such situations, the MPA can be a candidate even when the reduction of F will result in a better YPR or SPR. In addition, by not operating in the MPA, the status of the stock will be improved while maintaining the same level of activity for the fishery.
The MPA can work as a safeguard in a fishery managed by total allowable catch (TAC), the effectiveness of which depends heavily on the precision of stock abundance and catch estimates, 25, 26 because a low precision may lead to a collapse of the stock managed by TAC. The MPA combined with other management tactics, such as TAC, may be desirable, even in a situation where the MPA by themselves do not sufficiently increase YPR or SPR.
We expect that MPA could provide an important management option to solve the problems that cannot be properly handled by other management tactics. Although considerable attention has been paid to the design of the MPA, the guiding principles have not yet been established and we have not seen many examples of managerial success with MPA. We consider that further studies are necessary in order to apply a more effective management by MPA under the present conditions.
